The current identification of microRNAs (miRNAs) in insects is largely dependent on genome sequences. However, the lack of available genome sequences inhibits the identification of miRNAs in various insect species. In this study, we used a miRNA database of the silkworm Bombyx mori as a reference to identify miRNAs in Helicoverpa armigera and Spodoptera litura using deep sequencing and homology analysis. Because all three species belong to the Lepidoptera, the experiment produced reliable results. Our study identified 97 and 91 conserved miRNAs in H. armigera and S. litura, respectively. Using the genome of B. mori and BAC sequences of H. armigera as references, 1 novel miRNA and 8 novel miRNA candidates were identified in H. armigera, and 4 novel miRNA candidates were identified in S. litura. An evolutionary analysis revealed that most of the identified miRNAs were insect-specific, and more than 20 miRNAs were Lepidoptera-specific. The investigation of the expression patterns of miR-2a, miR-34, miR-2796-3p and miR-11 revealed their potential roles in insect development. miRNA target prediction revealed that conserved miRNA target sites exist in various genes in the 3 species. Conserved miRNA target sites for the Hsp90 gene among the 3 species were validated in the mammalian 293T cell line using a dual-luciferase reporter assay. Our study provides a new approach with which to identify miRNAs in insects lacking genome information and contributes to the functional analysis of insect miRNAs.
Introduction
MicroRNAs (miRNAs) are approximately 22 nucleotide (nt) long, single-stranded, endogenous, small non-coding RNAs. miRNAs are processed into double-stranded complexes by Drosha and Dicer from hairpin precursors transcribed from the genome by RNA polymerase II. One of the strands binds to Argonaute to form an RNA-induced silencing complex (RISC), which guides the complex to target mRNAs to direct translational silencing or mRNA degradation [1, 2] . The remaining strand, called the miRNA-star strand (miR*), either is degraded or accumulates at low levels in most cases [3] .
In recent years, numerous miRNAs have been identified in plants, animals, and viruses [4] [5] [6] . In miRBase Release 18 (http://www.mirbase.org/, released on November, 2011), the miRNAs of 168 spe-
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International Publisher cies were published, including 24 insect species. Although miRNAs such as cel-let-7 and cel-lin-4 were identified by a forward genetic method [7] [8] [9] , most miRNAs have been identified by a combination of RNA sequencing and in silico prediction methods [10, 11] . However, the lack of sufficient genome information in most species, especially in non-model species, has limited the further identification of a wider range of miRNAs.
The cotton bollworm (Helicoverpa armigera) and the cotton leafworm (Spodoptera litura) are serious lepidopteran pests of various crops. Because miRNAs are involved in regulating development and metamorphosis in insects [4, [12] [13] [14] [15] [16] [17] [18] , the identification of miRNAs in these two pests will help to uncover their physiological roles and provide potential targets for pest control. In S. litura, many miRNAs have been identified by computational prediction or stem-loop polymerase chain reaction (PCR) [19, 20] . However, deficient genome sequences have restricted the further identification of miRNAs. Additionally, no miRNAs have been identified through small RNA sequencing in H. armigera and S. litura. In contrast, the silkworm Bombyx mori, a model lepidopteran insect, has a previously released genome sequence with more than 500 mature miRNA sequences published. Although miRNAs are frequently acquired and lost during evolution, functional miRNAs evolve slowly, maintaining a particularly high homology among closely related species [21] [22] [23] . The relatively close relationship among H. armigera, S. litura and B. mori increases the likelihood of identifying conserved miRNAs in H. armigera and S. litura based on B. mori miRNA and genomic sequences.
In this study, we sequenced small RNAs (sRNAs) of H. armigera and S. litura, and identified 97 and 91 conserved miRNAs, respectively, using B. mori miRNAs as references (named har-miRNAs for miRNAs from H. armigera and sli-miRNAs for miRNAs from S. litura). We also identified 1 novel har-miRNA, 8 har-miRNA candidates and 4 sli-miRNA candidates by computational prediction based on the B. mori genome and H. armigera BAC sequences. A comparison of these miRNAs with those from other species indicated that most of the identified miRNAs were insect-specific, with many being Lepidoptera-specific. Quantitative reverse transcription PCR (qRT-PCR) was performed to investigate the expression profiles of 4 miRNAs, and the results revealed their potential roles in insect development. miRNA target prediction revealed that conserved miRNA target sites exist in various genes among the 3 species. In addition, 3 conserved miRNA targets of the Hsp90 gene were validated in a mammalian 293T cell line using a dual-luciferase reporter assay. The present study not only provides a new strategy for miRNA identification in insect species lacking genome information, but also presents insights into the conservation and functions of lepidopteran miRNAs.
Materials and Methods

Insect strains
H. armigera and S. litura strains were maintained in our laboratory at the Shanghai Institute of Plant Physiology and Ecology and were reared on an artificial diet under a 28°C temperature and a Light-Dark 14:10 photoperiod.
Small RNA sequencing
Total RNA was isolated from whole-body homogenates of different developmental stages of H. armigera and S. litura using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions.
Small RNAs were sequenced with an Illumina Genome Analyzer (Illumina, SanDiego, CA, USA) at the Beijing Genomics Institute (BGI, Shenzhen, Guangdong, China). First, total RNA was size-fractionated and 10-30 nt sRNAs were isolated. Subsequently, 5' and 3' adaptors were ligated to the sRNAs, and double-stranded nucleic acids were acquired after reverse transcription PCR (RT-PCR). The PCR products were sequenced using Solexa's sequencing-by-synthesis (SBS) technology, which is a high-throughput sequencing method. The 35 nt sequence tags from the Solexa sequencing were subjected to a primary analysis in which low-quality tags and adaptor contaminants were discarded.
miRNA prediction
Using the B. mori miRNAs presented in miRBase Release 18 (http://www.mirbase.org/) as references, sequences that aligned perfectly with precursor miRNAs and aligned to mature miRNAs with forward matching were annotated as conserved miRNAs in H. armigera and S. litura. To identify other types of sRNAs, we used sequences from SilkDB (SilkDB, http://silkworm.genomics.org.cn/) [24, 25] , NCBI (http://www.ncbi.nlm.nih.gov/), Rfam (http:// rfam.sanger.ac.uk/) and RepBase (http://www.girinst.org/repbase/) as references to annotate the non-coding RNAs (rRNAs, tRNAs, snRNAs, snoRNAs and repeat-associated small RNAs) and degraded fragments of expressed genes (exons and introns) in the remaining sequences. The BLASTn program was used as the alignment method, and the e-value was set to 10 -5 . Using the miRNA prediction software Mireap (http://sourceforge.net/ projects/mireap/), we predicted novel miRNAs from the remaining sRNAs. B. mori genomic sequences and H. armigera BAC sequences were used as references to provide flanking sequences of the sRNAs for fold-back structure prediction. sRNAs that could not be annotated were classified as unannotated.
Homology analysis of miRNAs
The miRNA sequences in the other species were downloaded from miRBase (Release 18) and the relevant published studies [26] [27] [28] . BLASTn was used to compare the H. armigera and S. litura miRNAs with other species. Because all species published in miRBase were analyzed, including species with long evolutionary distances, the e-value was set to 10 -3 so that more miRNA homologs could be identified. Reverse-matched sequences were discarded from the BLAST results. The alignments of miRNA sequences were conducted by Mega 4 [29] , using IUB as the DNA weigh matrix. 
Expression profiles of miRNAs
Homologous miRNA target prediction
The mRNA sequences for H. armigera and S. litura genes were downloaded from NCBI. The 3' untranslated regions (UTRs) were extracted for homology analysis. BLASTn was used to find homologous regions in these 3' UTRs, and the e-value threshold was set to 10 -5 . The miRNA targets were then predicted in the homologous sequences. 3 miRNA target-prediction software programs were used: miRanda (http://www.microrna.org/microrna/ getDownloads.do) [30, 31] , PITA (http://genie. weizmann.ac.il/pubs/mir07/mir07_exe.html), and microTar (http://tiger.dbs.nus.edu.sg/microtar/) [32] . The thresholds were set to a score of ≥ 140 for miRanda (default), ddG ≤ 0 for PITA, and energy ≥ 0.5 for microTar. The miRNA targets predicted by at least two of the software programs were selected. Homologous regions in different species targeted by common miRNAs were considered to contain conserved miRNA target sites. 
Plasmid construction and dual
Results
Identification of conserved miRNAs
Using high-throughput sequencing, we obtained 5,266,540 total sRNA sequences in H. armigera, and after eliminating the redundant sequences, we obtained 1,125,767 unique sequences. In S. litura, 11,443,493 total sRNA sequences were acquired, corresponding to 901,369 unique sequences. The length of these sRNAs ranged from 10 nt to 30 nt. Their length distributions in both H. armigera and S. litura showed a bimodal distribution. One of the peaks was at approximately 20-22 nt, representing the miRNAs [33] , and the other was at approximately 27 nt, which may be the piRNA-like sRNAs [34] (Fig. 1A, 1B) . A comparison between the two species showed that only 2.02% of the unique sRNAs are common between these two organisms; however, these shared sRNAs represent 46.34% of the total sRNAs ( Fig. 1C and 1D ), which means their average number of reads are higher than the sRNAs specific in each species. Such a redundancy of common sRNAs indicates that those sRNAs occurring simultaneously in both insects were expressed much more abundantly than the species-specific sRNAs.
The acquired sRNAs were aligned with known miRNAs, rRNAs, tRNAs, snRNAs, snoRNAs, repeat associated RNAs, introns, and exons. The sRNAs aligned with B. mori miRNA precursors and mature sequences in miRBase Release 18 [35] [36] [37] [38] 
Novel miRNA prediction
Here we used BAC sequences of H. armigera and the genomic sequence of B. mori to perform the novel miRNA prediction because no genomic information for H. armigera or S. litura was available and no S. litura BAC sequences were found in NCBI. Using mireap, we identified 10 possible mature miRNAs in H. armigera and 4 in S. litura (Table 2) . Among them, har-miR-m1, har-miR-m2 and the 4 S. litura candidate miRNAs were identified from the B. mori genomic sequences, and the other 8 sequences of H. armigera were identified from the H. armigera BAC sequences. Only har-miR-m7 had more than 5 reads, and its complementary miR* was also identified, indicating that it was a novel miRNA. All the other sRNA sequences did not have corresponding miR*s that were identified and thus were classified as miRNA candidates. However, har-miR-m1 and sli-miR-m1 were homologous to each other and thus they may be a common miRNA in these 2 species, with their miR* sequences most likely being expressed at a level too low for detection. In addition, har-miR-m2 can be aligned to miR-193 in some insects other than B. mori, including Heliconius melpomene, which is a lepidopteran species, indicating that this miRNA may also be conserved in insects.
Nucleotide bias analysis of identified miRNAs
The nucleotide bias at the first position of the identified miRNAs with a certain length was analyzed (Fig. 2 A, B) . In both H. armigera and S. litura, the miRNAs showed a dominant bias to uracil (U) at the first nucleotide, especially the miRNAs with a length of 19-23 nt. This observation agrees with the characteristic that miRNAs usually begin with a U at the 5' terminus [39] . We also analyzed the percentage of the four nucleotides appearing at each position ( Fig. 2 C, D) . The five positions showing the most dominant bias to U are the 1st, 6th, 8th, 16th, and 18th nucleotides. In canonical cases, the 2nd to the 8th nucleotides of miRNAs, called the "seed region," pair perfectly with their target sites. Some nucleotides in the 3' portion of many miRNAs also show supplementary pairing [40] . Thus, the 1st and 8th nucleotides are at the edges of the "seed region," the 6th nucleotide is within the "seed region," and the 16th and 18th nucleotides are near the 5' terminus of the miRNAs. The bias to U at these positions may contribute to the miRNA regulatory mechanism. The nucleotide bias of these miRNAs was quite similar to that described in a previous report on miRNAs [33] .
Homology analysis of identified miRNAs
In miRBase Release 18, 562 B. mori miRNAs are included. Among these, only 100 miRNAs were identified in H. armigera and/or S. litura, with 88 being common to all three species (Fig. 3A) . The homology of these miRNAs in insects and other animal classes was analyzed. We used BLASTn to align the H. armigera miRNAs (har-miRNAs) and S. litura miRNAs (sli-miRNAs) to all miRNA sequences of other species in miRBase (Release 18), and to the published miRNA sequences in other lepidopteran insects [26] [27] [28] . Only metazoan species contain homologs of these miRNAs. We divided the species into four categories: insects, other arthropods (arthropods other than insects), other invertebrates (invertebrates other than arthropods) and vertebrates. Based on the BLAST results, the miRNAs were classified into four types: highly conserved (with homologs in vertebrates), invertebrate-specific (with homologs only in invertebrates), arthropod-specific (with homologs only in arthropods) or insect-specific (with homologs only in insects). 16 Tables S4 and S5) .
Although occasionally expressed abundantly, miR*s are often degraded or show a low expression level [3, 41, 42] . Therefore, we assumed that miR*s vary more dramatically than miRs among different species. Consistent with our hypothesis, most miR*s were insect-specific (Supplementary Material: Tables  S4 and S5) . Surprisingly, there were two miR*s in the highly conserved miRNAs, namely, miR-993a* and miR-993b*. However, in the BLAST results of these two miR*s, only miR-10 family members in vertebrates were homologous (Fig. 3B) . In fact, there was no miR-993 in vertebrates. In H. armigera and S. litura, miR-10s were also homologous to miR-993a*s and miR-993b*s. Therefore, the miR-993s in invertebrates may be mimics of miR-10s and are most likely in the same miRNA family as miR-10s.
Expression analysis of identified miRNAs
qRT-PCR was used to validate and analyze the expression of two conserved miRNAs -miR-2a and miR-34 -and two insect-specific miRNAsmiR-2796-3p and miR-11. Because the latter 2 miRNAs are expressed remarkably differently between the 2 species, we only chose the species with the higher expression level to analyze the expression profile. Although the expression levels were quite different, all 4 miRNAs could be detected in the relevant species, validating the sequencing results (Fig. 4) .
We selected 4 developmental stages -early larva, late larva, pupa and adult -in which to analyze the expression profile. The miRNAs could be detected during every stage of the corresponding species, except that har-miR-2796-3p was not detected in the H. armigera pupal stage, which was most likely due to its low expression level at this stage. All of these miRNAs showed stage-specific expression profiles during development. miR-2a showed a higher expression at the pupal stage in both species, indicating its possible functions at this stage. The expression of miR-34 was more abundant during the early larval and adult stages in both species; however, its level was highest in adults in H. armigera, whereas its expression reached its peak in early larvae in S. litura. har-miR-2796-3p was expressed most abundantly in adults, and sli-miR-11 was highly expressed in the early larval and pupal stages.
Conserved miRNA targets
Using 3 miRNA target prediction software programs -miRanda, PITA, and microTar -we predicted the targets of conserved miRNAs in homologous regions in the 3' UTRs of corresponding genes in B. mori, H. armigera and S. litura. The common miRNA targets are listed in Table 3 . 19 different genes are involved, including transcription factors, heat shock proteins, and genes involved in hormone pathways and metabolism. The targets predicted by all 3 programs are considered most reliable. Moreover, the miRNA targets can be regarded as highly conserved if they exist in the homologous gene regions of all 3 species. The results show that 3 miRNA targets are highly conserved. All the 3 targets exist in the 3' UTR of Hsp90, and the targeting miRNAs are miR-9a, miR-14 and miR-2766 (Fig. 5A) . Using dual-luciferase reporter plasmids to transfect 293T cells, we validated these target sites in the Hsp90 3' UTR. When we over-expressed bmo-miR-9a, bmo-miR-14 and bmo-miR-2766, the relative expression of the reporter gene (Renilla luciferase) exhibited a significant decrease, with a suppression efficiency from approximately 20% to 45% (Fig. 5B) . Suppression of bmo-miR-2766 on SliHsp90 is slightly less significant (p-value=0.05104), probably due to the subtle differences between sli-miR-2766 and bmo-miR-2766. Because most miRNAs in animals function in the fine tuning of their target genes [43] , a gene down-regulated by miRNAs even at an efficiency of less than 20% can be regarded as a target [44] . Therefore, our results demonstrate the regulation of Hsp90expression by these miRNAs. UTRs of Hsp90 genes. miRNA precursors were inserted into pmR-mCherry for miRNA over-expression. These miRNA-expressing plasmids were co-transfected into 293T cells with the pGL3-promoter and pRL-TK parental (Renilla control) or pRL-TK-3'UTR plasmids into which the Hsp90 3' UTRs were respectively cloned. The y-axis shows the Renilla luciferase activity (relative luminescence units [RLU]) normalized to the firefly luciferase activity and compared with the vector control, which was set to 1.0 within each experiment. The values are the average±SD of 3 biological repeats. The abbreviations represent the species as follows: Bmo, B. mori; Har, H. armigera; Sli, S.litura. A paired t-test was used to analyze the significance of the differences. A difference with p-value less than 0.05 was considered significant (marked with "*" in the figure) and less than 0.01 was considered highly significant (marked with "**").
Discussion
Homology-based predictions of lepidopteran miRNA using the B. mori genome sequence is a valid approach
The identification of miRNAs based on genomic informations has been reported in several lepidopteran insects, such as silkworm (B. mori) [45, 46] , tobacco hornworm (Manduca sexta) [28] and monarch butterfly (Danaus plexippus) [27] . Additionally, in two lepidopteran insects -Heliconius melpomene and Bicyclus anynana -miRNAs have been identified using BAC sequences [26, 47] . In the present study, we report the identification of miRNAs in H. armigera and S. litura based on small RNA sequencing. Because complete H. armigera or S. litura genomes are not available, we used the B. mori miRNA and genome sequences as references. As a result, 33.66% and 33.34% of the sRNA sequences in H. armigera and S. litura, respectively, could be mapped to the B. mori genome. Although the percentage is lower than that of mapped B. mori sRNA sequences (which is greater than 60%) [45, 46] , the homology is still significant. The lower mapping ratio may be because B. mori belongs to Bombycidae, whereas H. armigera and S. litura belong to Noctuidae. The miRNAs identified in this study are believed to be highly conserved among lepidopteran insects.
Most of the conclusions of the present study are based on the assumption that the mature miRNA sequences are conserved among related species. To evaluate the reliability of this assumption, we chose two highly conserved har-miRNAs -har-let-7 and har-miR-133 -and two insect-specific har-miRNAshar-miR-1000 and har-miR-14 -to analyze the conservation among the homolog precursors (Supplementary Material: Fig. S1 ). Insects from different orders published in miRBase were considered in this analysis. The results demonstrated that the precursors were conserved in the mature sequence region and that two nucleotides flanking this region were also relatively conserved, particularly among species belonging to the same order. The precursors of the miRNA homologs from species in the same genus were more analogous. These results are in accordance with a previously published study on highly conserved miRNAs in S. litura [19] . Thus, when B. mori pre-miRNAs and mature miRNAs are used as references for lepidopteran miRNA identification, conserved miRNAs in H. armigera and S. litura can be obtained.
A minor portion of the identified miRNAs are highly conserved from insects to vertebrates
To understand the homology of miRNAs, we compared the conserved miRNAs of H. armigera and S. litura with the miRNA sequences of all species published in miRBase (Release 18) and other published lepidopteran miRNAs [26] [27] [28] . 16 miRNAsincluding let -7, miR-10, miR-100, miR-124, miR-133, miR-137, miR-184, miR-190, miR-1a, miR-210, miR-281, miR-33, miR-7 , miR-993a*, miR-993b*, and miR-9a -were conserved from insects to vertebrates (Supplementary Material: Tables S4 and S5 ). These miRNAs are thought to have homologous functions in diverse species. Studies on their functions in other species, such as in flies and mice, can provide clues to their functions in lepidopteran insects.
For example, let-7 has been demonstrated to be involved in the development of diverse animals, including nematode, fly, mouse, and human [48] . In addition, some of the target genes of let-7 appear to be conserved among these animals, such as the conservation of the interaction of let-7 and two genes -RAS (a homolog of let-60) and TRIM71 (a homolog of lin-41) -from nematodes to vertebrates [48] . Moreover, let-7 is induced by ecdysone [49] and is required for neuromusculature remodeling during the metamorphosis of flies [50] . Therefore, let-7 in lepidopteran insects may also play a role in developmental regulation. These data provide a hint for the functional analysis of let-7.
It was surprising to find two miR*s, miR-993a* and miR-993b*, in this highly conserved set of miRNAs. These miR*s are homologous to miR-10s in vertebrates. With regard to miRBase, we found that mir-993s have only been identified in invertebrates, most of which also expresses miR-10s (except the nematodes). As previously reported, miR-993 belongs to the miR-100/10 family, and both miR-993 and miR-10 are derived from the ancient miR-100 through duplication and arm-switching [51] . The higher expression of miR-993 (miR-993-3p) compared with miR-993* (miR-993-5p) was found in Drosophila melanogaster [52] . However, in many other insects, including Tribolium castaneum and B. mori, miR-993*s are expressed at higher levels than miR-993s [46, 53] . Therefore, the relative expression of mature miRNAs in the opposite arms of one precursor differs from species to species. Arm-switching allows some miR*s to become functional miRNAs. Because the miR-100/10 family members are located within Hox complexes and can regulate the expression of the relevant Hox genes [54] , and Hox genes are involved in development regulation, miR-993s may play a role in insect development by targeting Hox genes.
Most identified miRNAs are insect-specific
Most of the miRNAs identified in this study were insect-specific. As there are many insect-specific features, such as metamorphosis and pheromones [55] , these miRNAs may specifically regulate insect genes and relevant pathways. A typical example is miR-14, which is found only in insects. Previous studies have demonstrated its involvement in a positive autoregulatory loop controlling ecdysone signaling in Drosophila [16] , which plays a key role in metamorphosis. We believe the other insect-specific miRNAs may also be involved in insect-specific features. Because insects constitute the most diverse group of animals, studies on these miRNAs can provide cues on insects' extensive adaptivity.
Among insect-specific miRNAs, 29 har-miRNAs and 20 sli-miRNAs were regarded as Lepidoptera-specific (Supplementary Material: Tables S4 and  S5 ), and we hypothesize that they have specific functions in lepidopteran insects and could possibly be used as targets for lepidopteran pest control.
In both species, nine Lepidoptera-specific miRNAs, including miR-9c, miR-92b, miR-306a, miR-308, miR-745, miR-2755, miR-2766, miR-2767 and miR-2768, have homologs in all the 6 analyzed lepidopteran insects, indicating that they have conserved functions in lepidopteran species. Another Lepidoptera-specific miRNA, miR-1175-5p, has homologs in only the 3 types of moths, but not in butterflies, and thus it may have specific functions in moths, most likely regulating moth-specific genes. Although we cannot be sure of their inexistence in other species due to the absence of genomic information for most insects, particular attention should be paid to these miRNAs with respect to their specific functions in lepidopteran insects or in moths. These miRNAs may be involved in some special biological processes that distinguish Lepidoptera (or moths) from other species.
Some conserved miRNAs are involved in Lepidoptera development
The developmental expression profiles of the miRNAs miR-2a, miR-34, miR-2796-3p and miR-11 were investigated by qRT-PCR. These miRNAs showed different expression patterns (Fig. 4) . According to the rationale that the high expression of an miRNA at a specific stage suggests its possible regulatory role in that stage [56] , the different patterns of the miRNAs indicate their diverse functions during development. The high expression of miR-2a and miR-11 in pupae reflects their possible involvement in metamorphosis, whereas the high level of miR-34 and miR-2796-3p in the adult stage may indicate their roles in adult development or reproduction. In a comparison with the expression of relevant miRNAs in B. mori reported by Zhang et al [57] , miR-34 showed a higher expression in the adult stage in all three species, indicating its important and possibly conserved role in adult development. Interestingly, the low expression of miR-34 in pupae is similar to that observed in Drosophila, in which miR-34 was found to be under the control of two key hormones regulating metamorphosis. In detail, Drosophila miR-34 is repressed by ecdysone and induced by juvenile hormone [15] . Thus, we infer that the hormonal regulation of miR-34 and its involvement in metamorphosis may be conserved in these insects. However, miR-2a, which was called miR-2 by Zhang et al [57] , was expressed at the highest levels at the embryonic and adult stages of B. mori but at the pupal stage in H. armigera and S. litura, indicating that some conserved miRNAs likely have distinct functions in different species.
The conserved regions in the 3' UTRs of B. mori, H. armigera, and S. litura genes implied that they may have conserved miRNA target sites. Through the target prediction of homologous regions in the 3' UTRs, we identified a number of genes that could potentially be targeted by common miRNAs (Table 3) . These targeted genes included transcription factors, heat shock proteins, and genes involved in hormone pathways or metabolism. The diverse genes indicate the various roles miRNAs can play in different species. However, most of the genes play a role in development. For example, genes involved in hormone pathways, such as EcR, USP and PBANR, are related to metamorphosis. Metabolism is also related to insect growth because aberrant metabolism may lead to abnormal development. Transcription factors are regulators of most genes involved in all types of biological processes, including development. Moreover, heat shock proteins are involved in stress adaptation and development. Therefore, although the conserved miRNAs may play a role in diverse biological processes, they affirmably participate in the regulation of development.
Among these genes, Hsp90 was selected to validate its regulation by the miRNAs because its 3' UTR was predicted to contain 3 conserved miRNA target sites. HSP90 is a conserved protein playing a role not only in development, but also in cancer progression, evolutionary diversification, and the regulation of coding and non-coding genes including miRNAs [58] . We used a dual-luciferase reporter assay for the target validation because this is a commonly used method to visualize miRNA-dependent gene silencing [59] . According to our preliminary experiments, lepidopteran cell lines showed low transfection efficiency, which impaired the down-regulation of reporters by the corresponding miRNAs (data not shown) and may lead to the neglect of some weak effects of miRNAs on gene regulation. Therefore, the mammalian 293T cell line was used instead for this assay because of its high transfection efficiency. According to the results (Fig.  5B) , the 3 miRNA target sites in the Hsp90 3' UTRs were proven to be authentic. The results indicated that conserved genes in different insect species could be targeted by common miRNAs and that such conserved regulation may play roles in various biological processes. The regulation of Hsp90 by miRNAs indicates that these conserved miRNAs are most likely involved in the regulation of development, and that miRNAs may regulate coding and non-coding genes through Hsp genes.
Summary
In summary, this study provides a new method for miRNA identification in non-model insects lacking genome information. Moreover, the analysis of expression patterns and the validation of conserved miRNA targets revealed the diversity and conservation of miRNA functions in different insect species. The results extend our understanding of insect miRNA biological functions and will shed light on the identification of insect-specific miRNA targets that can be used in the future for lepidopteran pest control. 
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